Immunofluorescence, bulk microscopy and image analysis. Immunofluorescence and bulk microscopy were performed as previously described (5) . Briefly, cells were fixed in ice-cold 4% (wt/vol) paraformaldehyde in phosphate buffered saline (PBS) for 10-15 min, permeabilized in a blocking solution containing 0.1% Triton X-100 and 1% normal donkey serum in PBS for 30 min. Cells were stained with primary and secondary antibodies diluted in the blocking solution for 1 hour each. All microscopy of fixed, immunostained cells was performed on a Leica DMIRE2 laser scanning confocal microscope. Images were taken with a 1.4 NA, 63x oil-immersion objective (Leica).
Image analysis of protein levels in cilia was done in ImageJ (FIJI) as previously described. All quantitative comparisons for confocal image data were done using unpaired t-test (Prism 7 software). Data are presented as mean +/-SEM, and statistical significance in the figures is denoted as follows: NS-p>0.05, * p<0.05, ** p<0.01, *** p<0.001.
Cholesterol Visualization and Quantification Using EGFP-D4H Cholesterol Probe.
In order to be able to detect cholesterol in cilia, we used SNAP-Smo cells treated with SAG. Cilia were identified using a fluorescent SNAP-substrate or an anti-SNAP antibody without any cell permeabilization. Cells were fixed and stained with EGFP-D4H and anti-SNAP diluted in PBS, at 4 o C, overnight. After several washes in PBS, cells were subsequently stained with a secondary antibody (to detect anti-SNAP), for 1 h at room temperature.
Quantitative Real-Time PCR. The mRNA levels of gli1, a direct Hh-target gene, were used as a metric for Hh pathway activation. Total cell RNA samples were isolated using TRIzol reagent (Invitrogen), and reverse-transcribed using SuperScript III First Strand Kit (Invitrogen). The transcript levels for gli1 were quantified by real-time PCR (Applied Biosystems 7500) using TaqMan gene expression probes (Applied Biosystems) for gli1 Fluorescence from YFP was reflected by the second dichroic, filtered by a bandpass filter (545-40, Semrock) and then imaged on a second Si EMCCD camera, as diagramed in At the beginning of each experiment, cell media was replaced with imaging media containing the oxygen scavenger pyranose oxidase and catalase (both from Sigma). The slide was then explored at low-illumination intensity (~10 W/cm 2 ) for ~10 minutes while recording the coordinates of cilia, which were marked by PTCH1-YFP or elevated concentrations of SMO (in accumulation conditions). After 10-20 cilia were identified, fluorescent molecules in each cilium were imaged for several minutes as described, so that no cell-sample was imaged for more than 1.5 hours. We have previously shown that this treatment did not abrogate the signaling pathway (5) .
Two-Color Image Registration.
Images recorded on the two cameras were aligned using sparse fluorescent bead (F8792, Invitrogen) samples in poly-vinyl alcohol (PVA, Sigma) visible in both channels that were scanned across the field of view in a grid pattern using a precision x-y piezo stage ( Fig. S3 ). Beads were localized in each frame and channel using a 2D symmetric Gaussian function, and then used to calculate an affine transformation function using Matlab. Image analysis (tracking & localizations) was performed on raw data before the transformation function was applied in order to avoid pixilation artifacts. Trajectory Analysis. The goal of our analysis algorithm is to classify the various periods of motion within a trajectory as either confined (remaining static within the precision of the measurement), directed (traveling with a continuous and stable velocity), or diffusive (motion characterized by Brownian diffusion). Classification within the primary cilium is confounded by the small dimensions of the organelle and the spatial error associated with localization. Our approach is therefore to find a ciliary axis, measure the axial and lateral movement separately, and then determine the motion type while weighting the axial movement more heavily.
Single-Molecule
The ciliary axis is found by taking diffraction-limited images of the cilium, and identifying the approximate long and short axes manually. A spline is then calculated by fitting a smooth curve through the cilium using even spaced (160 nm) 1D Gaussian fits across the selected region. We accommodated for slightly curved cilia by adding additional points to the spline fit. The base and tip are then defined manually, and each localization is redefined in axial and lateral coordinates. This is done by finding the closest point along the spline and integrating the total curve length from the base as the axial position and the distance between the localized position and the closest axial point as the lateral distance. The normalized axial position is defined as the ratio of the curve length from the base to the axial position to the curve length from the base to the tip; it is only used to aggregate results in different cilia. Diffusion coefficient analysis. To quantify the diffusion coefficients for PTCH1 and SMO, identified diffusive subtrajectories containing 25 or more frames were first divided into equal-length 25-frame segments. Per segment, a linear fit to the mean squared displacement (MSD) curve using the first and second time lags was calculated for motion along the long axis of the cilium, where the slope is proportional to the diffusion coefficient, and the offset is due to a combination of motion blur and measurement precision.
Directed-velocity measurements. The average anterograde and retrograde velocity were calculated from identified directed subtrajectories. To validate these measurements, we compared the results to traditional kymogram measurements made on clusters of molecules seen in the cilium (SI Video 5). Kymogram velocities were calculated by analyzing the slope of apparent linear motion along the axial position over time (Fig. S4) .
Classification analysis by trajectory simulation.
To evaluate the propensity of our analysis to misclassify subtrajectories, we simulated three types of motion in cilia-like structures and analyzed the results (Fig. S6) .
Error estimation of single-molecule results by bootstrapping. To calculate the significance of each single-molecule-based conclusion for PTCH1, we estimated the measurement error by quantifying the contribution of each trajectory to the overall result.
This was done by resampling random sets of the single-molecule trajectories and calculating the variance (i.e. bootstrapping with the same number of total trajectories).
For SMO, where trajectories were longer on average, we performed a similar analysis, but resampled portions of trajectories such that the total duration of measured data was equally analyzed. Trajectories shorter than 1 second were removed. We repeated this process 1000 times and compared the results between conditions (i.e. bootstrapping with the same total trajectory durations). Fig. S1 : 
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